[1] The Pampean flat-slab region, located in central Argentina and Chile between 29 and 34 S, is considered a modern analog for Laramide flat-slab subduction within western North America. Regionally, flat-slab subduction is characterized by the Nazca slab descending to $100 km depth, flattening out for $300 km laterally before resuming a more "normal" angle of subduction. Flat-slab subduction correlates spatially with the track of the Juan Fernandez Ridge, and is associated with the inboard migration of deformation and the cessation of volcanism within the region. To better understand flat-slab subduction we combine ambient-noise tomography and earthquake-generated surface wave measurements to calculate a regional 3D shear velocity model for the region. Shear wave velocity variations largely relate to changes in lithology within the crust, with basins and bedrock exposures clearly defined as low-and high-velocity regions, respectively. We argue that subduction-related hydration plays a significant role in controlling shear wave velocities within the upper mantle. In the southern part of the study area, where normal-angle subduction is occurring, the slab is visible as a high-velocity body with a low-velocity mantle wedge above it, extending eastward from the active arc. Where flat-slab subduction is occurring, slab velocities increase to the east while velocities in the overlying lithosphere decrease, consistent with the slab dewatering and gradually hydrating the overlying mantle. The hydration of the slab may be contributing to the excess buoyancy of the subducting oceanic lithosphere, helping to drive flat-slab subduction.
Introduction
[2] From 8 N to 47 S, the Andean Cordillera is formed by processes related to the subduction of the Nazca plate beneath the South American plate. While the Andean Cordillera is often considered a 'typical' compressive upper plate style subduction zone, there are several along-strike variations in the nature of subduction and the style of deformation. Adjacent to the track of the Juan Fernandez Ridge, between 29 and 32 S [Yáñez et al., 2001] , the downgoing Nazca plate flattens for $300 km before resuming a more typical angle of subduction ( Figure 1 ) [Cahill and Isacks, 1992; Anderson et al., 2007] . This unusual slab geometry, known as flat-slab subduction, has led to a shutoff of arc volcanism and a migration of deformation inboard from the high Cordillera into the Sierras Pampeanas in Argentina [Jordan et al., 1983; Kay et al., 1988] .
[3] Flat-slab, or low-angle, subduction occurs in approximately 10% of subduction zones on Earth and is associated with the widening, inboard migration, and/or cessation of arc related volcanism [Cahill and Isacks, 1992; Gutscher et al., 2000a] . Understanding the driving forces and deformation associated with flat-slab subduction has implications regarding general subduction processes, as well as the tectonic evolution of the western USA, which is believed to have experienced flat-slab subduction during the Laramide orogeny [e.g., Coney and Reynolds, 1977; Dickinson and Snyder, 1978] . Several potential causes of flat-slab subduction have been proposed though no single driving force has yet been identified [e.g., Gutscher et al., 2000b] . Some proposed driving mechanisms are slab suction, overthrusting of the overriding plate and increased buoyancy of the subducting slab [e.g., Jischke, 1975; Cross and Pilger, 1982; van Hunen et al., 2004] . Increased buoyancy of the subducting oceanic plate has been explained by the subduction of young/warm oceanic lithosphere, overthickened oceanic crust related to seamounts or oceanic plateaus, a delay in the basalt to eclogite phase change, and serpentinization of the subducting slab mantle [Vlaar and Wortel, 1976; Sacks, 1983; Gutscher et al., 2000b; Kopp et al., 2004; Gans et al., 2011] .
[4] Within the study area, the flattest subduction correlates spatially with the subduction of the Juan Fernandez Ridge, a chain of seamounts formed offshore due to volcanism associated with the Juan Fernandez hot spot, suggesting that the two are related. Plate reconstructions suggest a northward bend in the track of the Juan Fernandez Ridge beneath the eastern Sierras Pampeanas [Pilger, 1981; Yáñez et al., 2002] . These models also indicate that the ridge previously subducted beneath South America to the north of its current position and has migrated southward to its current location. Geochemical observations of arc volcanics suggest that the slab began shallowing at $16 Ma when the ridge first migrated into the area and that it assumed its current geometry by $2 Ma when arc related volcanism ceased [Kay and Mpodozis, 2002] . Two specific mechanisms for increased slab buoyancy associated with ridge subduction are (a) volcanism associated with ridge formation thickening the oceanic crust and (b) hydration of the oceanic crust and upper mantle due to the infiltration of water along the ridge reducing the density of the subducting oceanic lithosphere [e.g., Yáñez et al., 2002; Kopp et al., 2004; Gans et al., 2011] .
[5] For this study we use Rayleigh-wave tomography, calculated from both ambient noise and earthquake-generated surface waves, to create a regional 3D model of shear wave velocities in order to better understand flat-slab subduction. We focus on analyzing the forces potentially driving flat-slab subduction as well as its effects on crustal and upper-mantle structure and processes. This is done through a comparison of shear wave velocity features observed in the flat-slab subduction region to shear wave velocities in the normal-angle subduction region located immediately to the south. The combination of ambient noise and earthquake-generated surface wave measurements allow for the study of the region at greater depth ranges and detail than would be possible with either method individually.
Tectonic Setting
[6] From 29 to 33 S, regional seismicity shows the subducting Nazca plate descending to $100 km depth, flattening out and remaining at a constant depth for $300 km laterally before returning to a more normal subduction angle (Figure 1 ) Figure 1 . Map of study area showing station locations for each seismic array, active volcanoes, Quaternary volcanism, the track of the Juan Fernandez Ridge [Yáñez et al., 2001 ], deformational regions and terrane boundaries. The slab contour interval is 10 km; the 100, 150 and 200 km contours are labeled. Northern slab contours are from Linkimer et al. (manuscript in preparation, 2011) and the southern slab contours are from Anderson et al. [2007] . The deformational and Quaternary volcanism boundaries are from Alvarado et al. [2007] which is based on Kay and Mpodozis [2001] , Ramos et al. [2002] , Bissig et al. [2002] , Ramos [2004] , and Stern [2004] . Cross sections A-A′ and B-B′ are shown in Figures 13 and 14 , respectively. Plate convergence velocity from Kendrick et al. [2003] . Inset shows the study area location. [Cahill and Isacks, 1992; Anderson et al., 2007; Gans et al., 2011 ; L. Linkimer et al., Appendix C: Geometry of the Wadati-Benioff Zone and deformation of the subducting Nazca Plate in the Pampean Flat slab of west-central Argentina Lithospheric structure of Pampean flat slab (Latitude 30-33 S) and northern Costa Rica (Latitude 9-11 N) subduction zones, manuscript in preparation, 2011]. The onset of flat-slab subduction led to the eastward migration and diminution of volcanism within the study area from 16 Ma until cessation at 2 Ma [Kay and Mpodozis, 2002] . This migration and lessening of volcanism is associated with a shutoff of corner flow in the area where the slab actively dewaters, and thereby prevents the temperature/pressure/hydration conditions necessary for arc volcanism. Along with the shut-off of arc-related volcanism, flat-slab subduction is also associated with increased crustal seismicity [Gutscher, 2002; Alvarado et al., 2007 Alvarado et al., , 2009 and at least temporally with the migration of deformation inboard from the high Andes into the thin-skinned Precordillera and thick-skinned Sierras Pampeanas [Ramos et al., 2002] .
[7] Flat-slab subduction correlates spatially with the track of the Juan Fernandez Ridge. Volcanism along the ridge, associated with the Juan Fernandez hot spot, is believed to result in moderately overthickened oceanic crust observed where the slab is horizontal, possibly providing some of the buoyancy necessary to maintain flat-slab subduction [Gans et al., 2011] . Active source seismic work [Kopp et al., 2004] and outer rise aftershock locations [Fromm et al., 2006] provide substantial evidence that the slab is significantly fractured and hydrated as a result of this volcanism and outer rise related extension. However, work by Wagner et al. [2005 Wagner et al. [ , 2006 , suggests that the lithosphere above the subducting slab is dry. These observations imply that the slab is hydrated offshore but not releasing water into the upper mantle above the flat slab.
[8] The crustal rocks within the study area can be subdivided both in terms of style of deformation and terrane inheritance. Terrane accretions young to the west but the precise locations of many of their boundaries, which are difficult to determine where not defined by exposed ophiolite belts, are still relatively uncertain. In the following section we briefly outline regional deformation patterns and the terrane geology of the area.
[9] The high Andes are divided into the Principal and Frontal Cordillera which both consist of thick-and thinskinned thrust belts largely covered by volcanic rocks related to the now inactive arc [Allmendinger et al., 1990] . The Principal Cordillera lies to the west of the Frontal Cordillera, though the boundary is difficult to discern due to the aforementioned volcanic cover (Figure 1 ). The primary difference between these two regions is the age of the basement rocks. The Principal Cordillera is characterized by Mesozoic and Tertiary volcanic rocks and sedimentary strata, while the Frontal Cordillera is composed of late Paleozoic marine and early Mesozoic igneous rocks [Allmendinger et al., 1990] . Both the Principal and Frontal Cordillera lie within the Chilenia terrane, which extends from the high Andes to the plate margin [Ramos et al., 1986] . Little is known about Chilenia due to the dearth of outcrops. Based on the a small number of U-Pb ages calculated by Basei [1997a, 1997b] (referenced in Ramos [2010] ) it is argued that parts of Chilenia are covered by sediments derived from the west and that it is possibly a Laurentia derived terrane.
[10] The Precordillera is a thin-skinned fold and thrust belt to the east of the Principal and Frontal Cordillera (Figure 1 ). It is separated from the high Andes by a north-south striking piggyback basin that is identified at the surface as the Calingasta, Iglesia, and Barreal valleys. The Precordilleran basement is composed primarily of Paleozoic shelf carbonates [Astini et al., 1995] that in balanced cross sections accommodated $65-70% of the total regional shortening since 10 Ma [Allmendinger et al., 1990] . The Precordillera comprises the western half of the Cuyania terrane; a Laurentia derived composite terrane that formed offshore before accretion onto South America during Middle to Late Ordovician times in the interpretation of Ramos [2004] . The rocks within the Cuyania terrane are believed to be of Grenville age [e.g., Vujovich et al., 2004] and derived from the Ouachita embayment Astini, 1996, 2003] .
[11] The eastern part of the study area consists of the Sierras Pampeanas, a thick-skinned block-faulted belt of deformation that extends $800 km inboard from the subduction interface. The style of deformation within the Sierras Pampeanas is characterized by large basement-cored uplifts separated by sediment-filled basins ( Figure 1 ) and is often recognized as an analog to Laramide deformation within the western United States [e.g., Jordan et al., 1983; Jordan and Allmendinger, 1986] . The Sierras Pampeanas extend from the eastern half of the Cuyania terrane across the Pampean terrane to the edge of the Rio de Plata craton (Figure 1 ). The most westerly basement cored uplift is Sierra Pie de Palo, which lies directly east of the city of San Juan and is surrounded on all sides by sedimentary basins (Figure 1 ) [Vergés et al., 2007] . The Pie de Palo basement block makes up the eastern half of the Cuyania composite terrane described previously. The extent of Pampia, its origin and its role in the formation of the Famatinian magmatic arc as well as the Sierras de Córdoba [Rapela et al., 1998 ] remain enigmatic. Recent work identifies it as a cratonic block that rifted off Rodinia and eventually collided with the Rio de la Plata craton .
[12] The portion of the study areas south of 33 S is characterized by normal-angle subduction and an active volcanic arc [Stern, 2004; Anderson et al., 2007] . Prior to 5 Ma, a shallow angle of subduction is inferred within the area based on the location of Late Miocene volcanic rocks 500 km inboard from the trench [Kay et al., 2006; Ramos and Folguera, 2009] . This was followed by steepening of the slab that led to back-arc extension and volcanism with an intraplate geochemical signature, referred to as the Payenia volcanic province [Kay et al., 2006; Ramos and Folguera, 2011] . Our study area encompasses the northern part of this volcanic province, which consists of small isolated volcanoes and lava flows [Ramos and Folguera, 2011] . The Cuyo basin, an inverted Triassic rift basin filled with 1,500 to 2,000 m of continental sediments is also located in this area (Figure 1 ) [Ramos et al., 1991] .
Data and Methods
[13] Both ambient-noise tomography [Shapiro et al., 2005; Moschetti et al., 2007; Yang et al., 2007] and a two-plane wave approximation of earthquake-generated surface waves [Forsyth et al., 1998; Forsyth and Li, 2005] were used to measure Rayleigh wave phase velocities across the region.
Phase velocity dispersion curves from both methods were then combined and inverted to calculate 1D shear wave velocity profiles every 0.1 in latitude and longitude. Rayleigh waves are sensitive to the velocity structure surrounding their path, with the peak sensitivity at a depth of approximately 1/3 of their wavelengths (auxiliary material Figure S1 ) .
1 Ambient noise measurements were used to calculate phase velocities at shorter periods (≤30 s), which primarily sample the crust, while the two-plane wave method was used at longer periods (≥20 s), which sample the lower-crust and upper-mantle (auxiliary material Figure S1 ). As seen in Figure  S1 , Rayleigh waves in the period range of interest average over a range of depths so velocities across a sharp discontinuity will be averaged together. Rayleigh waves at 100 s period cannot resolve layers within the crust. Despite this, rough estimations of the depths of sharp shear-velocity discontinuities can be made using surface wave tomography. In this study we assume an isotropic velocity structure.
[14] Data used in this work were primarily collected by three temporary seismic arrays, the Chile Argentina Geophysical Experiment (CHARGE), the Sierras Pampeanas Experiment using a Multicomponent Broadband Array (SIEMBRA) and the Eastern Sierras Pampeanas (ESP) experiment. Data from two additional permanent stations, Las Campanas (LCO, GSN station) and Peldehue (PEL, GeoScope station), both located in Chile, were also utilized. The CHARGE deployment 
Ambient Noise
[15] Ambient-noise tomography is based on the principle that the cross-correlation of background seismic noise recorded at two seismometers approximates the Green's function of seismic waves traveling between the two recorders. While ambient noise has been used to calculate P wave velocities [e.g., Roux et al., 2005] , it is generally used to measure Rayleigh waves [e.g., Shapiro et al., 2005; Yang et al., 2007; Bensen et al., 2008] . Due to the geometry of wavefront spreading and their slower rate of attenuation, surface waves have larger amplitudes than body waves, making them easier to identify and measure. Ambient-noise tomography is advantageous over earthquake-generated surface wave tomography in that it does not require earthquakes and measures shorter periods and is therefore sensitive to shallower structures. The primary energy sources for ambient-noise tomography are ocean storms and atmospheric disturbances, which typically have peaks in amplitude at periods of 15 and 7.5 s [Friedrich et al., 1998; Bensen et al., 2007] .
[16] We briefly outline the general process for calculating seismic velocities using ambient-noise tomography within this paper, for a more detailed explanation of the data processing refer to Bensen et al. [2007] . To calculate seismic velocities from ambient noise, 1 Hz vertical component data were retrieved from the CHARGE, SIEMBRA, ESP and permanent stations archived at the IRIS (Incorporated Research Institutions for Seismology) DMC (Data Management Center). The instrument response was removed from all seismograms and data were cut into 1-day increments. Seismograms from each day were then band-pass filtered from 5 to 150 s and the data were normalized to remove signals resulting from earthquakes or other discrete events. This was done using a running-absolute-mean normalization method [Bensen et al., 2007] . Once normalized, a Fast Fourier Transform (FFT) was used to convert the data into the frequency domain where the data were whitened and cross-correlations were calculated every day for station pairs. These daily station cross-correlations were transformed back in the time domain and stacked into month and then yearlong increments. From these stacked cross-correlations, the signal-to-noise ratio (SNR) was calculated and those inter-station measurements with a SNR less than 15 were discarded. The resulting waveform for each station pair was roughly symmetric, centered on 0 s (auxiliary material Figure  S2 ). The positive and negative times represent the waves traveling in opposite directions along the great circle path between the two stations. Dissymmetry in the waveform would result from an irregular distribution of noise sources around the station. This effect is largely due to storms concentrating in different hemispheres throughout the year. To increase the SNR, the time axis for the negative component was multiplied by À1 and the resulting waveform stacked with the positive time component, essentially folding it over the 0 s time axis and producing the symmetric component.
[17] To calculate Rayleigh wave phase velocities between stations, the stacked symmetrical component of the crosscorrelations were filtered over narrow bandwidths and the phase velocities were measured at several periods. Measurements were made at 8, 10, 12, 14, 16, 20, 25 , and 30, s periods. Waveforms measured at 6, 35 and 40-s periods generally had low signal-to-noise ratios and were discarded. In the method utilized for measuring ambient noise a station spacing of at least 3 wavelengths is recommended to accurately calculate group velocity, we apply that cutoff to phase velocity as well using the inter-station phase velocity and period to determine the wavelength [Bensen et al., 2007] . Given the relatively small size of the array compared to more common continent wide studies [e.g., Yang et al., 2007; Bensen et al., 2008] there was not enough distance between many of the stations to make measurements at these longer wavelengths. For these reasons, we only included ambient noise phase velocity measurements made at periods between 8 and 30 s in the inversion for shear wave velocities.
[18] Using the method outlined in Barmin et al. [2001] , we calculated phase velocity maps for the study area at each period listed above. This is done by combining phase velocities along inter-station paths to determine dispersion curves at defined grid points (Figure 2 ). In this step, we experimented with grid spacing ranging from 0.5 to 0.1 and a variety of different damping parameters. Given the dense station spacing, grid points located every 0.1 produced detailed results that did not appear to introduce artificial error into the inversion. Ultimately the values a = 300, b = 100, and s = 100 were used in the penalty (damping) function to best match earthquake-generated surface wave measurements. The damping is dependent on the path density with the variable a controlling the strength of the spatial smoothing, b controlling how data is merged into areas of poor data coverage and s is the smoothing length in km. For a more detailed description of the penalty functions refer to Barmin et al. [2001] . As a final quality control on the data, station pairs with residuals greater than 2 s were removed and resolution maps were made ( Figure 2 ). Phase velocity measurements in areas with resolution lengths greater than 100 km were not included in the final inversion for shear wave velocity. Resolution can be interpreted as the minimum distance at which two d-shaped functions can be resolved [Barmin et al., 2001] . During this step, we also tested the possibility that seasonal biases in noise sources could introduce significant errors into the phase velocity measurements. Phase velocity maps made from noise recorded during the winter months (May to August) were compared to maps made from noise recorded during the summer (November to February) and the two did not exhibit any significant variations in velocity patterns (auxiliary material Figure S3 ).
Earthquake-Generated Surface Waves
[19] To calculate Rayleigh wave phase velocities at longer period (≥20 s) we used a two-plane wave approximation of incoming earthquake-generated surface waves [Forsyth et al., 1998; Forsyth and Li, 2005] . In this technique, an incoming surface wavefield is approximated as the sum of two interfering plane waves using an iterative two-step inversion. The advantage of this method over single-plane wave approximations is that it is able to account for some of the effects of scattering and multipathing on surface wave velocity calculations. The two-plane wave method has been successfully applied in a variety of seismic studies around the globe. For this study, 94 events were selected with epicenters located 30 to 120 distant from the study area and magnitudes greater than 5.5 (auxiliary material Figure S4 ). Of these events, 59 occurred during the time SIEMBRA stations were deployed and 35 within the earlier time frame of the CHARGE deployment. Events that occurred solely during the ESP deployment were not used because the array geometry was not conducive to this type of study. The ray coverage from the events used for the 50 s period measurements is shown in auxiliary material Figure S4 .
[20] Similar to the ambient-noise analysis, the two-plane wave tomography utilized 1 Hz vertical component seismic records for the 94 events described above. Because the arrays used a variety of instrument types, the instrument responses for all of the stations were transferred to the most common response, that of the Streckeisen STS-2 broadband seismometer, which effectively corrects all data to velocity. Traces were then band-pass filtered using an acausal, 0.01 Hz wide, four-pole, Butterworth filter to make measurements at periods of 20, 22, 25, 27, 30, 34, 40, 45, 50 59, 67, 77 , 87 and 100 s. These periods were chosen to accommodate the broadening of depth sensitivity as period increases (auxiliary material Figure S1 ) and to provide the resolution necessary to observe features in the crust and upper mantle. We are limited to this range of periods by the presence of scattered energy at periods shorter than $20 s and by a lack of events that generate waves at periods longer than 100 s. Once filtered, the traces were visually windowed around the fundamental Rayleigh wave arrivals and graded based on the quality of the data. Stations with low SNR or where the fundamental-mode Rayleigh wave could not be discerned from higher-mode waves were removed. In preparing the data, anelasticity was accounted for using the attenuation model of Mitchell [1995] , though studies by Baumont [2002] and Yang and Forsyth [2008] suggest that the effects of anelasticity are minor.
[21] In the two-plane wave inversion we solve for phase, amplitude and orientation of the two plane waves used to represent the incoming Rayleigh wavefield, for a total of 6 parameters [Forsyth and Li, 2005] . While we outline the technique here, a more detailed description can be found in Forsyth and Li [2005] and Yang and Forsyth [2006] . The inversion involves 8 iterations each with 2 stages. The first stage uses a least squares simulated annealing approach to find the best fitting wave parameters. The second stage is a linearized inversion to calculate corrections to the current velocity model and the wave parameters. In the inversion we use the 2D finite-frequency sensitivity kernels described in Yang and Forsyth [2006] , which are based on the Born approximation of scattering used in Zhou et al. [2004] . Applying these kernels allows the inversion to better-fit amplitude data and increases resolution to detect heterogeneities down to the order of one wavelength of the incoming wavefield [Yang and Forsyth, 2006] . Incoming wavefields that cannot be well parameterized by two interfering plane waves are down-weighted in each step of the inversion, reducing the effects of any error introduced by those events. For the 2D phase velocity inversion at each period, a grid spacing of 0.5 was used on a rectangular grid with corners at 38 S, 73 W and 25 S, 61 W. The bounds of the grid were chosen to be sufficiently large that the outermost grid nodes could absorb travel time variations that could not be well fit by the two-plane wave approximation. Measurements were smoothed using a Gaussian smoothing filter with a width of 65 km, which was chosen by experimentation to allow for the observation of the shortest wavelength features possible without introducing spatial aliasing. For each period, grid points where the phase velocity measurement possessed a standard deviation value greater than 0.04 km/s were not included in the inversion for shear wave velocities (Figure 3 ). Once phase velocities were calculated at all of the 0.5 grid points, the resulting velocity grid was then interpolated to 0.1 grid spacing so that the data could be combined with ambient noise measurements.
Combined Measurements and Shear Velocity Inversion
[22] Both ambient-noise and two-plane wave tomography dispersion data were combined to produce shear velocity models for the region. Combining measurements from the two techniques has been successfully done in a variety of studies, and allows for a detailed study of both crust and mantle shear velocities [e.g., Moschetti et al., 2007; Stachnik et al., 2008; . At every 0.1 Â 0.1 grid point, ambient noise and two-plane wave phase velocity measurements were combined into dispersion curves, with ambient noise comprising the short period measurements and two-plane wave tomography comprising the longer period measurements. To evaluate variations in measured phase velocities stemming from the use of the two different techniques, we compared results from overlapping periods where measurements were made using both ambient-noise and two-plane wave tomography (20, 25, and 30 s). Phase velocity results from both methods are consistent and are generally within 0.05 km/s of each other (Figure 4 ). This is comparable to differences observed by . At overlapping periods, the average of the two velocities was used in the shear velocity inversion where possible. If only one technique met the acceptable resolution/standard deviation criteria described above, then that measurement was used. Grid points without at least four reliable phase velocity measurements were discarded in the shear velocity inversion.
[23] Utilizing the Rayleigh wave peak depth sensitivity for different periods (auxiliary material Figure S1 ), we inverted phase velocity dispersion curves calculated at each grid point for shear velocities using a linearized least squares inverse method and a constant weight for each input phase velocity [Herrmann, 1987; Snoke and James, 1997; Larson et al., 2006] . This method was applied using an iterative technique where damping was decreased progressively after 3 to 5 iterations [e.g., Warren et al., 2008] . Figure 5 illustrates the progression of the model through damping parameters and the resulting fit to the dispersion curve. The inversion for shear wave velocity has a large dependence on the starting model, and especially on Moho depth. Given the variable Moho topography within the region [Fromm et al., 2004; Alvarado et al., 2005; Gilbert et al., 2006; Gans et al., 2011] , we experimented with a wide variety of initial velocities (Figure 7) , before settling on two starting models. The first was a modified IASP91 model [Kennett and Engdahl, 1991] , where the crustal thickness was varied with longitude to match receiver function measurements [Gans et al., 2011] and the second was a model with a constant shear wave velocity of 4 km/s and no Moho (Table 1) . In both models the Vp/Vs ratio was kept fixed to the initial value in the inversions (Table 1) . We tested the effects of using a variable Vp/Vs (Poisson's) ratio and found that this produced few variations in the final shear velocity model. By comparing results from the two starting models, it is possible to assess the variability of the shear wave velocity features observed in each. In addition to varying the starting velocity model, a variety of layer thicknesses were tested ranging from 5 km thick layers in the crust and mantle to modeling the crust as a single layer. Layer thicknesses less than 20 km in the crust and 30 km in the mantle showed little variations in the final model (Figures 5a and 5c ). The final layer thicknesses were selected to observe fine features in the crust and accommodate reduced resolution at depth ( Figure 5) (Table 1) . Slight variations in layer thicknesses were made across the array in the modified IASP91 model to accommodate the eastward decrease in Moho depth (auxiliary material Figure S5 ).
Results

Phase Velocities
[24] Using ambient-noise tomography, we calculated inter-station dispersion curves, (Figures 2 and 6 ), which were then combined to calculate dispersion curves at grid points. These two-station dispersion curves reflect the sensitivity of ambient-noise measurements to upper crustal structure at shorter periods and to crustal thickness at longer periods. The phase velocity measurements made between CHUC and PACH, exhibit low velocities between the 8 and 12 s periods, which reflects the great circle path between the two stations crossing the Bermejo basin, a large 10 km deep foreland basin [Allmendinger et al., 1990; Gimenez et al., 2000] (Figure 6 ). The dispersion curve calculated between ABRA and LLAN exhibits much higher phase velocities at 8, 10, and 12 s periods, reflecting a station path confined to the bedrock of the Chepes uplift (Figure 6 ). At longer periods, two higher velocity paths are observed in the eastern half of the study area (e.g., ESP07-ESP12, ABRA-LLAN), compared to the western part (e.g., CORT-USPA, CHUCH- Figure 7) and No Defined Moho (B in Figure 7 The number of layers and layer thicknesses were varied in model A to accommodate the eastward decrease in crustal thickness (auxiliary material Figure S5 ). PACH). These variations likely reflect the thicker crust that is observed in the western half of the study area than in the east [Fromm et al., 2004; Alvarado et al., 2005; Gilbert et al., 2006; Gans et al., 2011] . These inter-station measurements are then combined to produce phase velocity maps (Figure 7) , which reflect similar features. Phase velocities calculated at 10 s are lowest in the basins, and higher in locations where bedrock is exposed at the surface (Figure 7) . The most prominent features are Sierra Pie de Palo, which exhibits phase velocities >3.3 km/s, and the two foreland basins surrounding it (Figure 7) . The Bermejo basin lies to the north and is characterized by phase velocities <2.8 km/s and the Jocoli basin lies to the south and exhibits velocities <3 km/s (Figure 7) . The lowest phase velocities observed in the high Andes at the 10 s period are <3.1 km/s, and are found in the southern part of the study area where there is an active arc overlying a region where the Nazca slab subducts at a normal angle, suggesting the presence of magma bodies or partial melt at shallow depths.
[25] Phase velocities calculated at periods of 20, 25 and 30 s are the average of measurements made using both ambientnoise and two-plane wave tomography. Phase velocity maps at these periods show that phase velocities primarily reflect the eastward decrease in crustal thickness (Figure 7) , which was previously identified in teleseismic receiver functions, surface waves, and Pn observations [Fromm et al., 2004 ; [Gans et al., 2011] . In the east beneath the Sierras Pampeanas phase velocities greater than 3.6 km/s are observed suggesting that the Rayleigh waves at this period are partially sampling the upper mantle (Figure 7) .
[26] At periods longer than 30 s, measurements were made solely using earthquake-generated surface waves. Maps of phase velocities for periods between 40 and 50 s continue to reflect crustal thickness with higher velocities observed to the east where the crust thins and lower velocities in the zone of thicker crust to the west (Figure 8) . From 59 to 87 s, an area of high phase velocity (>4 km/s at 59 s) is observed oriented SW-NE, which possibly marks the location of the subducting slab or dry continental lithosphere immediately above it (Figure 8 ). At these periods, lower phase velocities are observed where the slab is believed to be flattest (near $31 S, 68 W), compared to the surrounding area, indicating that the flat slab may have low-velocity features associated with it. At periods greater than 87 s there are few clearly defined phase velocity features and interpretations are more easily made using the results of the shear velocity inversion.
Shear Velocities
[27] The regional 3D shear velocity model created from the inversion of the phase velocity data is the focus of our interpretation and shows many of the same features observed in the phase velocity measurements. Shear wave velocity maps and cross-sections are shown in Figures 9-12. In both cross-section and map view, we observe a strong correlation in upper crustal seismic velocities and lithology, with bedrock exposures exhibiting higher velocities than sediment filled basins (Figures 9-12) . The Bermejo and Jocoli basins are clearly visible at 8 km depth as low-velocity zones (<2.9 km/s) while Sierra Pie de Palo, the Sierras de Chepes, and the Sierras de Córdoba are observed as high-velocity features (>3.1 km/s) (Figure 9 ). The most notable exception to low velocities associated with basins lies in the area of the active arc to the south where we observe low velocities at 15 km depth beneath the arc and recently emplaced volcanic rocks of the Payenia province that lie to the east (Figures 9  and 11 ). Mid-and lower-crustal velocities are highly dependent on the Moho depth of the starting model. As such, we avoid extensive interpretation of this depth region. The primary observation from the mid crust is that S-wave velocities increase to the east. This observation is most apparent in the north, where the distribution of stations permits E-W variations in velocities to be well resolved (Figure 12 ). We also observe an increase in Moho depth from east to west across the study area. This trend is observed regardless of starting model and is consistent with prior work measuring regional crustal thicknesses [Introcaso et al., 1992; Fromm et al., 2004; Alvarado et al., 2005; Gilbert et al., 2006; Gans et al., 2011] . Within the upper mantle (Figure 10 ) we observe significant north-south variations in slab geometry across the region. In the south we observe normal-angle subduction, with a high velocity slab overlying a large low-velocity zone, consistent with asthenosphere emplaced as corner flow (Figure 10 ). In the north, we image a high-velocity flat slab with pockets of lower velocity material decreasing in volume to the east. This corresponds with an eastward decrease in the velocity of the overlying mantle, consistent with the gradual hydration of this material. A lower velocity region is observed above the slab as it steepens, which is consistent with hydrated mantle material or cool asthenosphere (Figure 10 ). For the upper mantle SV waves are generally slower than SH waves [Zhou et al., 2006] , therefore the inclusion of SH components would likely increase measured shear velocities.
[28] Two cross-sections ( Figure 1 ) were generated to compare the crustal and mantle shear wave velocity features of normal-angle (A-A′) and flat-slab (B-B′) subduction. For each of the cross-section we display results for two different starting models (Figures 11 and 12 illustrate features that are consistent regardless of input model. In both cross-sections we observe high velocity forearcs, crustal roots beneath the high Andes extending down $70 km, and eastward thinning crust. Beyond these similarities we observe significant variations in the locations and magnitudes of crustal low and high shear-velocity zones. Velocities within the mantle reflect the different subduction geometries observed in the two regions and give insight into the processes occurring in each. Mantle shear velocities in the southern cross-section reflect a more steeply dipping slab with asthenospheric corner flow and an active arc while those in the north are consistent with flat-slab subduction, a shut-off of corner flow and an absence of volcanism. We describe the two cross-sections in detail below.
[29] Cross-section A-A′ in Figure 11 , runs east-west and is located at 34.5 S, which is near our southern limit of acceptable resolution (Figure 1) . At this latitude, the slab is subducting at a normal angle [Cahill and Isacks, 1992; Fuenzalida et al., 1992; Anderson et al., 2007] and there is an active arc associated with it. While the number of crossing raypaths in this area is low relative to the north, it is possible to discern features that are consistent when using either initial model during the shear wave velocity inversion and we focus our interpretation on those. In the cross-section, low shear-velocities (<3.3 km/s) are observed in the upper crust beneath the eastern half of the high Andes and the area to their east. These low velocities are likely associated with the active arc and the Payenia volcanic province. The Payenia volcanic province, located to the east of the active arc, is relatively recent (<2 Ma) and is believed to be associated with extension and the emplacement of asthenosphere caused by an increase in slab dip [Kay et al., 2006; Folguera, 2009, 2011] . The Triassic Cuyo basin [Uliana et al., 1989 [Uliana et al., , 1995 is also located in the same region as the Payenia volcanic province and is another viable explanation for these low upper-crustal velocities. Crustal thickness varies significantly across the region ranging from 60 km thick beneath the arc to 40 km thick in the back-arc [Gilbert et al., 2006] . Though surface waves are not very sensitive to seismic discontinuities, there is a decrease in the depth of the 4.2 km/s velocity contour from west to east, consistent with thick crust beneath the high Andes and thinner crust to the east.
[30] Within the upper mantle, we are able to image the slab and mantle wedge. The slab is observed as a high shearvelocity body (>4.6 km/s) that extends from 60 to 130 km depth at 71 W and dips to the east. The eastward dip of the slab is also visible in map view at 34.5 S as a high-velocity body that shifts eastward with increasing depth between 80 and 165 km and is located at a depth of $100 km beneath the active arc (Figure 10 ). The high velocities observed within the normally dipping slab suggest that the oceanic mantle is dry relative to the flat slab and that fluids associated with it and the active arc are confined to the oceanic crust. The oceanic crust of the subducting slab would likely appear as a low-velocity zone at the top of the slab but cannot be imaged here given the wavelength of the surface waves that are sensitive to upper mantle depths, although it has been identified using receiver functions [Gans et al., 2011] . The location of the slab correlates with earthquake locations (USGS PDE catalog) ( Figure 11 ) and has roughly the same $25 -30 dip as measured by Fuenzalida et al. [1992] , further affirming its location. Based on slab thickness measurements made in the Atlantic, Pacific and Indian oceans [Zhang and Lay, 1999] and assuming a 40-50 Ma [Gans et al., 2011] . Variable smoothing is used to display cross sections in the crust and mantle in order to observe features in each.
age of the slab at the trench, the subducting oceanic lithosphere should be approximately 60-70 km thick in the region, which is generally consistent with our measurements. Immediately above and to the east of the high velocity body interpreted as the subducting slab, we observe a low-velocity region (<4.3 km/s). This anomaly is visible in map view at depths from 60 to 100 km ( Figure 10 ) and is interpreted as asthenosphere emplaced due to corner flow and the inferred slab rollback. Dependent on starting model, shear velocities in this region are less than 4.0 or 4.1 km/s, which agrees with average back-arc shear velocities calculated in island arc settings [Wiens and Smith, 2003] .
[31] Cross-section B-B′, in Figure 12 , runs parallel to the relative Nazca-South American plate motion and along the region of flattest subduction (Figure 1 ) at an azimuth of $30
northeast. Within this cross-section we observe consistent velocity patterns regardless of starting model (Figures 12a and 12b) . As in the southern cross-section, we focus our interpretation on features that are consistent in the shear velocity inversion regardless of initial model. Within the upper crust velocities correlate with basin structure. We observe high velocities at shallow depths beneath basementcored uplifts and lows associated with basins, consistent with phase velocity measurements (Figure 9 ). The most prominent features within this area are the Sierra Pie de Palo and the Bermejo basin (Figures 6 and 9 ). Sierra Pie de Palo, has a large high velocity crustal root that appears to extend down into the mid-crust (Figure 12 ). This high velocity root and crustal seismicity (Linkimer et al., manuscript in preparation, 2011) suggest that the range bounding thrusts extend down to at least 15 km depth. The Bermejo basin, located northeast of the Sierra Pie de Palo, is the lowest velocity feature observed in the 8 km depth slice, which is consistent with it being a $10 km thick sediment filled foreland basin [Allmendinger et al., 1990] . The low-velocity feature associated with the Bermejo basin is considerably larger longitudinally than the surface expression of the basin. The eastward extent of this low-velocity zone can be explained by the smoothing of the Bermejo and Marayes low-velocity zones into one large low-velocity features (Figure 6 ). To the west there is evidence that the Bermejo basin initially extended to 69 W [Cardozo and Jordan, 2001] , and has been broken up by deformation related to the Precordillera. The sediment associated with the original extent of the basin can explain the westward extent of the low-velocities observed. The Jocoli foreland basin lies to the south of the Sierra Pie de Palo and exhibits low velocities as well, consistent with previous estimates that suggest a basin thickness of $5 km [Vergés et al., 2007] .
[32] We observe lower velocities in the mid-crust beneath the high-Andes than are observed beneath the Sierras Pampeanas, possibly related to the transition from the Cuyania into the Pampia terrane or to variations in crustal lithology. The upper mantle of the upper plate is generally fast (>4.6 km/s) west of 68 W, consistent with Wagner et al. [2006, 2008] . Based on the depth of the 4.2 km/s velocity contour, eastward thinning of the crust is also observed. The slab is imaged as a region of variable shear wave velocities (4.4-4.6 km/s) immediately beneath the zone of concentrated seismicity. From west to east, the slab transitions at 68 W from a high velocity zone (>4.6 km/s) with pockets of low velocities (<4.6 km/s), to a high velocity region (>4.6 km/s) with no associated low-velocity zones. There is a slightly lower velocity zone (<4.4 km/s) immediately above and to the east of the slab as the angle of subduction steepens at $67.5 W. The velocities are not as low as those associated with corner flow to the south and are consistent with either cooling asthenosphere or hydrated lithospheric mantle. A high velocity region (>4.5 km/s) is observed at the base of the crust beneath the Sierras de Córdoba, extending eastward from the western edge of where our model possesses adequate resolution to $66 W and to depths of $110 km depth. The location of this high velocity zone is consistent with the presence of cratonic lithosphere associated with the Rio de la Plata Craton. In map view, east of 68 S and north of $33 S at depths of 120 to 140 km, there is a strong spatial correlation between earthquake locations and an ENE-WSW running high velocity body (>4.7 km/s) (Figure 10 ). We interpret this as SSE dipping slab representing the transition from flat to normal-angle subduction.
Discussion
Flat-Slab and Upper Mantle Velocities
[33] In the northern part of the study area, where the slab is flat, we interpret our slab and upper mantle shear wave velocity measurements in the context of slab serpentinization, dehydration, and subsequent hydration of the overlying mantle. West of 68 W there is a body of high shear velocities (>4.7 km/s) located between $60 and 100 km depth underlain locally by lower velocities (<4.5 km/s) ( Figure 12 ). We interpret the high velocity material as cold-dry continental lithosphere above $80 km depth (dashed line in Figure 12 ), which has been previously identified by body wave tomography [Wagner et al., 2005 [Wagner et al., , 2006 [Wagner et al., , 2008 and the lower velocity material as serpentinized oceanic lithosphere within the subducting slab. These localized low-velocity zones within the slab exhibit an eastward decrease in amplitude. Serpentinite is formed by the hydration of oceanic mantle prior to subduction and is identified seismically by low P-and S-wave velocities and a high Vp/Vs ratio. As the slab subducts, serpentinite becomes unstable at higher temperature and pressure conditions and dehydrates releasing water into overlying mantle. As water leaves the slab, the slab becomes a higher velocity feature, while velocities in the overlying mantle decrease as the mantle absorbs the water released from the slab [Hacker et al., 2003b] . The observed eastward increase in slab and decrease in overlying mantle shear velocities observed in the flat-slab region are consistent with this pattern. Unfortunately, this technique does not allow us to determine the Vp/Vs ratio, which would further test our interpretation.
[34] Serpentinization of the slab mantle lithosphere is common in subduction zones [e.g., Peacock, 2001; Hacker et al., 2003b] and is believed to occur at spreading centers, at the outer rise of subduction zones, and along fracture zones. Within this region, the Nazca plate is formed at the fast spreading East Pacific Rise ($15 cm/yr) and Chile Rise ($5 cm/year) [Klitgord et al., 1973; DeMets et al., 2010] . Little serpentinization of the mantle lithosphere is believed to occur at fast spreading centers, making spreading center hydration unlikely for the Nazca Plate in this region. However, outer rise extension and fractures associated with the formation of the Juan Fernandez Ridge could enable hydration of the upper mantle within the slab. Offshore at 30 S there is significant evidence for extensive serpentinization of the Nazca plate based on seismic tomography and earthquake locations [Kopp et al., 2004; Fromm et al., 2006] . Offshore active source seismic work along the Juan Fernandez Ridge shows low P wave velocities in the oceanic mantle extending to at least a depth of 6 km beneath the oceanic Moho [Kopp et al., 2004] , indicative of serpentinization of the upper oceanic mantle. Further, the locations of aftershocks from an outer-rise earthquake in 2001 [Fromm et al., 2006; Clouard et al., 2007] , suggest that this large outer-rise earthquake in the Nazca plate ruptured at least 20 km beneath the oceanic Moho. Given the fractured nature of the slab along the Juan Fernandez ridge, it is likely that water is penetrating deep within the slab in this region as well.
[35] Serpentinization of the oceanic mantle is typically associated with the creation of an additional plane of seismicity commonly referred to as a "double Benioff zone," that would accompany one plane in the crust of the oceanic lithosphere [Peacock, 2001; Hacker et al., 2003b] . Within the Pampean flat-slab region only one plane of seismicity is observed (Linkimer et al., manuscript in preparation, 2011) , implying that either seismicity is only occurring in the oceanic crust or within the slab mantle. Receiver function images of the subducting oceanic crust and earthquake locations show that seismicity is concentrated $20 km beneath the top of the subducting slab, which is well within the oceanic mantle lithosphere [Alvarado et al., 2009; Gans et al., 2011; Linkimer et al., manuscript in preparation, 2011] .
[36] Seismicity in the oceanic mantle is commonly attributed to dehydration embrittlement caused by the dehydration reaction of antigorite [Kirby et al., 1996] . Antigorite is the serpentine mineral stable to the greatest pressure/temperature (PT) conditions, which reacts to form forsterite + enstatite + H 2 O [Peacock, 2001; Dobson et al., 2002; Hacker et al., 2003a] . Using pressure-temperature conditions calculated from thermal modeling of flat-slab subduction [Gutscher et al., 2000a; English et al., 2003] we plot the PT path for the upper oceanic mantle (20 km beneath the top of the slab) in the Pampean flat-slab region on a phase diagram for antigorite [Peacock, 2001] (Figure 13 ). This plot shows that the PT conditions at which earthquakes occur within the flat slab mantle align with the PT conditions where serpentinite dehydration takes place (lines A and B Figure 13 ). Earthquakes associated with dehydration embrittlement are believed to occur due to the buildup of fluid pressure within the rock, allowing for brittle failure in high P-T conditions [Raleigh and Paterson, 1965; Meade and Jeanloz, 1991] . The lack of seismicity in the flat-slab crust can be explained by either an early onset or delay in the basalt to eclogite transition. Modeling by van Hunen et al. [2002] suggests that ridge subduction may delay this transition to pressures as great as 6 GPa, which corresponds to depths of $180 km, which is significantly deeper than the flat slab in this region. Modeling by English et al. [2003] , shows that a 40-50 million year old flat slab at 90 km depth can contain up 1% water where it begins to dip steeply. These modeling results suggest that amphibole becomes unstable as the slab initially subducts and that lawsonite and chlorite are stable throughout the flat slab zone and become unstable as the slab resumes steeper subduction. This implies that dehydration embrittlement in the crust occurs as the slab initially subducts and the slab releases water aseismically as lawsonite and chlorite break down at greater depth. These results offer an explanation for the lack of seismicity within the crust of the Nazca slab where it lies nearly horizontally at $100 km depth.
[37] The low-velocity regions observed within the flat slab, exhibit an eastward increase in velocity, with shear velocities of 4.3-4.5 km/s observed beneath the high Cordillera and 4.5-4.7 km/s beneath the Sierras Pampeanas where seismicity ceases. We interpret this gradational eastward increase in shear wave velocities to be indicative of slab dewatering as serpentinite becomes unstable and dehydrates, releasing water, which migrates out of the slab into the overlying mantle. This increase in slab S-wave velocity correlates with an eastward decrease in shear velocities in the overlying lithospheric mantle, which transitions from higher values (4.6-4.8 km/s) beneath the high Cordillera to $4.4-4.5 km/s beneath the central Sierras Pampeanas. These velocities correspond roughly to calculated shear velocities of 4.87 km/s for a dry (70% forsterite and 30% enstatite) mantle and 4.30 km/s for a wet (60% forsterite 20% enstatite and 20% serpentinite) mantle [Hacker and Abers, 2004] . The high mantle velocities observed beneath the Andes suggest that water is not immediately escaping the slab. Possible mechanisms for slab dewatering include fluid flow along high-permeability regions [Hacker et al., 2003b] , the hydrofracturing of rock along preexisting fractures, and the hydrofracturing of rock in the direction of least compressive stress [Davies, 1999] . We expect that the slab bending associated with the transition from a normal angle of subduction to a flat geometry places the upper part of the slab under compression, closing fractures and decreasing the permeability of the top of the slab, which would inhibit all of the above mechanisms for fluid flow. This would result in trapped water within the slab even after serpentinite dehydrates, possibly explaining the thickness [2000a] (short dashed line). Cross-hatched area is the typical P/T conditions for intermediate depth lower-plane seismicity. Gray shading is the area of antigorite stability. Light gray is antigorite stability from Ulmer and Trommsdorff [1995] and Bose and Navrotsky [1998] , dark gray is stable region from the previous two and Wunder and Schreyer [1997] . Circled area is the estimated P-T conditions for 20 km beneath the top of the slab during flat-slab subduction at 100 km depth. of the observed low-velocity layer. As the slab flattens out, the top of the slab is no longer under compression allowing it to release fluids into the mantle above it. The few focal mechanisms calculated where the slab dip is transitioning from a normal to flat suggest compression while focal mechanisms calculated once it has assumed a flat geometry are largely normal, consistent with this hypothesis (also Global CMT Catalog). Work by Hasegawa and Sacks [1981] and Schneider and Sacks [1987] on the Peruvian flat slab region, which lies to the north of the study area, show a significant change in stress as the subducting slab flattens. They attribute this to slab pull forces along the edges of the flat slab, but acknowledge that slab bending may impact the stress state of the slab. Regardless of the cause, this shift in stress orientation would likely affect the permeability of the subducting plate, impacting dehydration. When the slab bends to resume a typical angle of subduction, the bending of the slab puts the upper part of the slab into greater tension, allowing the last of the water to escape and the cessation of seismicity.
[38] Lower shear wave velocities are observed in the upper mantle beneath the Sierras Pampeanas from 66 W to 68 W and likely represents hydrated continental lithosphere. At a depth of 40-70 km, antigorite is stable at temperatures less than 650 C [Ulmer and Trommsdorff, 1995] and the wet solidus for peridotite is $825 C [Grove et al., 2006] , which suggests that the material could possibly be partially serpentinized mantle or peridotite and free water. While these temperatures are lower than modeled temperatures for continental lithosphere in a flat-slab subduction zone [Gutscher et al., 2000a; van Hunen et al., 2002; English et al., 2003] , none of these models incorporate the adjacent Rio de la Plata cratonic lithosphere, whose thickness could prevent asthenosphere to flow into the area above the slab and further refrigerate this portion of mantle, which would inhibit volcanism. The lack of volcanism where normal-angle subduction resumes can also be explained by compression of the Sierras Pampeanas preventing magma from reaching the surface [Booker et al., 2004] .
[39] We image a high S-wave velocity zone in the mantle beneath the northeastern Sierras de Córdoba, interpreted to be cratonic lithosphere. The location and thickness of the cratonic lithosphere agrees with S-wave receiver function measurements showing $125 km thick lithosphere beneath the western Córdoba Range [Heit et al., 2008] . Between the subducting slab and the cratonic lithosphere we observe a low-velocity (<4.4 km/s) region. These velocities are consistent with the presence of a thin dipping layer of asthenosphere or hydrated mantle lithosphere between the slab and continental lithosphere. The location of this low-velocity zone correlates with magnetotelluric measurements, which show a low resistivity zone extending down to depths greater than 400 km [Booker et al., 2004] . Estimates of heat flow from the spectral analysis of magnetic anomalies suggest increased heat flow in the region [Ruiz and Introcaso, 2004] where this low-velocity zone intersects the crust, which suggests that the low-velocity zone may be asthenosphere. The absence of significant slab seismicity, possibly related to slab dehydration, beneath this low-velocity zone also supports this hypothesis. However, the subduction related geochemical signature of the young (7.9-4.5 Ma) Pocho volcanics [Kay and Gordillo, 1994] , located within the Sierras de Córdoba (Figure 6 ), suggests that at least some lithospheric hydration has occurred within the region. While both options are viable explanations for this feature we prefer to interpret these velocities as lithosphere hydrated by the aseismic release of the remaining water from the slab as it resumes a steep angle of subduction.
Slab Buoyancy
[40] Numerous ideas have been proposed to explain flatslab subduction. Possible hypotheses include a high rate of convergence, young slab age, increased slab buoyancy due to overthickened oceanic crust, the hydration of the mantle wedge, slab suction forces, and the hydration of the oceanic slab mantle [e.g., Stevenson and Turner, 1977; Tovish et al., 1978; Pilger, 1981; Cross and Pilger, 1982; McGeary et al., 1985; Cloos, 1993; Gutscher et al., 2000b; van Hunen et al., 2002; Kopp et al., 2004; van Hunen et al., 2004; Guillaume et al., 2009; Skinner and Clayton, 2010; Gans et al., 2011] . While recent receiver function work in the region suggests that the oceanic crust is moderately overthickened and contributes to the buoyancy of the slab, it is unlikely that this provides all of the necessary buoyancy to maintain flat-slab subduction [Gans et al., 2011] . We propose that the hydration of the slab plays a role in maintaining flatslab subduction within this region. At 2.5 GPa, corresponding to a depth near 100 km, and 500 C, antigorite has a density of 2654 kg/m 3 [Hacker and Abers, 2004] . Assuming a slab density of 3330 kg/m 3 and an asthenosphere density of 3300 kg/m 3 [Tassara et al., 2006] , serpentinization of at least 5% of the subducting oceanic lithosphere would cause the slab to no longer be negatively buoyant. While 5% serpentinization is unlikely for the whole slab, partial serpentinization of the upper 20 km of the slab and an overthickened crust could provide the necessary buoyancy to maintain flat-slab subduction. S-wave receiver functions calculated for the region suggest thinner subducting lithosphere in the flat-slab region than to the south [Heit et al., 2008] . This thinning is potentially related to volcanism associated with the Juan Fernandez Ridge and could further reduce the degree of serpentinization necessary to maintain flat slab subduction. This positive buoyancy of the slab would be reduced as antigorite dehydrates and water is released allowing the slab to resume a normal angle of subduction. The serpentinization of the slab would have the added effect of reducing slab strength allowing it more readily bend into a flat geometry.
Conclusions
[41] We calculated shear wave velocities for the Pampean flat-slab region using Rayleigh wave phase velocities determined from ambient-noise tomography and from earthquakegenerated surface waves employing the two-plane wave approach. Combining these two methods allows for much more detailed analysis of crust and upper-mantle structure than either individual method could provide. Results show that upper-crustal velocities are primarily dependent on lithology and the distribution of volcanism and basins. The mid-crust exhibits an eastward increase in velocities, possibly related to terrane boundaries or to thinning crust. Though surface wave inversions do not have a high sensitivity to sharp seismic discontinuities (i.e., the Moho), crustal thickness estimates for the region do reflect the eastward decrease in Moho depth observed using receiver functions, regional surface waves, and Pn arrivals [Fromm et al., 2004; Alvarado et al., 2005; Gilbert et al., 2006; Gans et al., 2011] . Regional shear wave velocities for the region also provide new insight into the role of water in flat-slab subduction as shown in Figure 14 . These results suggest that the oceanic mantle is hydrated and serpentinized due to fracturing in the crust associated with the Juan Fernandez Ridge. This hydration possibly increases the buoyancy of the subducting slab and weakens it allowing it to assume a flat geometry. As the slab subducts to the east, it dewaters, resulting in increased seismicity due to dehydration embrittlement. The cessation of seismicity at 67.5 W may correspond to the removal of serpentinite and likely the limit of slab dewatering. This would increase the density of the slab and allow it to subduct more steeply into the mantle. The presence of a low-velocity zone above the slab as it steepens east of 66.5 W may be indicative of the slab retaining a small amount of water, which is then released aseismically at depth or may represent cooling asthenosphere. While this model is able to account for some of the increased buoyancy necessary for flat-slab subduction and better explain the role of water in this process, it is increasingly clear that there is not one definitive cause of flat-slab subduction, which instead relies on an interplay of numerous factors. 
